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DISPLAYS FOR THE LUNAR LANDING MISSION 

By Gregory L.  Shaffer  and Edwin G .  Dupnick 

SUMMARY 

A s tudy w a s  conducted t o  determine t h e  accuracy of t h e  Real-Time 
Computer Complex ( R T C C )  d i sp l ays  of p red ic t ed  f u e l  and ox id ize r  margin 
p red ic t ed  f o r  touchdown during the  powered-descent braking phase and t h e  
p red ic t ed  p rope l l an t  margin during t h e  approach phase,  c o l l e c t i v e l y  
i i r iu~r i  ab  tile LM ~ e s c e r l i  Percent  Margin (LK DES) d i sp lays .  
of t e n  s e l e c t e d  powered-descent s imula t ions  ind ica t ed  t h a t  t h e  LM DES 
d i s p l a y s  a r e  r e l a t i v e l y  accu ra t e  except f o r  s e v e r a l  extreme t e s t  cases .  

m. ine r e s u i t s  

The l o g i c  for t h e  f u e l  and ox id ize r  margin d i sp lay  i s  i n s e n s i t i v e  
t o  t h r u s t  dev ia t ions ,  and t h e  accuracy of t h e  propel lan t  margin d i s p l a y  
i s  degraded by navigat ion e r r o r s .  

I N T R O D U C T I O N  

This  document i s  w r i t t e n  i n  response t o  re ference  1, which 
reques ted  a study t o  determirLe t h e  accuracy of t h e  RTCC LM DES d i sp lays  
and hover t ime c a l c u l a t i o n s  as formulated i n  re ference  2.  There are 
two LM DES d i s p l a y s ,  each w i t h  d i s t i n c t  modes of computation and 
s c a l i n g .  The ten-minute d i sp l ay  used during t h e  powered-descent 
brak ing  phase presents  t h e  pred ic ted  percent  of usable  descent  propul- 
s i o n  subsystem (DPS) f u e l  and oxid izer  t h a t  w i l l  remain a t  luna r  touch- 
down (de f ined  as margin) as a funct ion of burn t ime o r  phase e lapsed  
t ime.  Nominally, 7 percent  remains. A usable  quan t i ty  i s  t h a t  
a c t u a l l y  a v a i l a b l e  f o r  expenditure and should be d i s t ingu i shed  from a 
loaded quan t i ty ,  from which t h a t  t rapped  in  l i n e s ,  e t c . ,  must be sub- 
t r a c t e d  i n  order  t o  determine usable .  The 200-second d i s p l a y  i s  used 
dur ing  t h e  approach phase and presents  t h e  pred ic ted  percent  of usable  
DPS p rope l l an t  t h a t  w i l l  remain a t  l una r  touchdown as a func t ion  of 
burn t ime.  
which i s  a prime concern of t h e  descent monitoring a c t i v i t y .  Hover 
t ime i s  a conversion of t h e  margin i n t o  a parameter which i s  perhaps 
more meaningful t o  t h e  LM crew. 

The margin i n d i c a t e s  t h e  s a f e t y  of t h e  crew and t r a j e c t o r y ,  
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The study u t i l i z e d  t e n  s e l e c t e d  powered-descent s imula t ions  
( t a b l e  I )  f o r  an a n a l y s i s  of t h e  inaccurac i e s  involved i n  t h e s e  d i s p l a y s .  

BRAKING PHASE DISPLAY 

The o rd ina te  of t h e  braking phase,  or ten-minute,  d i sp l ay  i s  t h e  
p red ic t ed  usable  f u e l  and ox id ize r  margin a t  LM touchdown i n  percent  
of t o t a l  usable  DPS f u e l  and ox id ize r ;  t h e  range i s  from +7 percent  t o  
-4 percent .  
t o  t e n  minutes. The f u e l  and ox id ize r  margins a r e  c a l c u l a t e d  according 
t o  equat ions in  t h e  appendix. 

The abc issa  i s  t i m e  from DPS i g n i t i o n ;  t h e  range i s  zero 

Reference 2 requested t h a t  a polynomial be used t o  compute re- 
qui red  p rope l l an t  wi th  t h e  navigated h o r i z o n t a l  v e l o c i t y  as t h e  inde- 
pendent v a r i a b l e .  To ob ta in  t h e  c o e f f i c i e n t s  of t h i s  polynomial, or 
curve f i t ,  t h e  percent  of usable  p rope l l an t  remaining ins tan taneous  
minus t h e  a c t u a l  propel lan t  remaining a t  touchdown w a s  p l o t t e d  aga ins t  
navigated ho r i zon ta l  v e l o c i t y  f o r  t h e  t e n  t e s t  cases .  The c o l l i n e a r i t y  
of t h e  r e s u l t i n g  d a t a  p r e c i p i t a t e d  a dec i s ion  t o  use t h e  nominal 
( case  1) as f a i r l y  r e p r e s e n t a t i v e .  
sen ted  i n  f i g u r e  1. 
g ins  were pred ic ted  and a r e  shown i n  f i g u r e  2.  The f u e l  and ox id ize r  
margin c a l c u l a t i o n s  were so  c l o s e  t h a t  t h e  curve i n  f i g u r e  2 adequately 
r ep resen t s  e i t h e r  quan t i ty .  
l ocus  w i l l  be  depic ted  by small "F" l e t t e r s  and t h e  ox id ize r  margin by 
s m a l l  "0" l e t t e r s . )  The serpent ine  e f f e c t  of t h e  curves seems t o  s t e m  
from t h e  fourth-order polynomial, l eas t - squares  curve f i t .  Note t h a t  
t h e  d i s p l a y  sca l ing  suggested by r e fe rence  2 w a s  inadequate  f o r  t h e  
margins encountered. 

Case 1 and t h e  polynomial a r e  pre- 
Using t h i s  polynomial, t h e  f u e l  and ox id ize r  m a r -  

(Normally i n  rea l  t i m e ,  t h e  f u e l  margin 

I n  f i g u r e  2 ,  cases  8 and 10 peak up near  t h e  end. This  i s  because 
t h e  DPS engine t h r o t t l e s  down l a t e r  than  nominal f o r  a lower t h r u s t i n g  
engine ( table  I ) .  However, when t h e  engine t h r o t t l e s  down l a t e r ,  more 
h o r i z o n t a l  v e l o c i t y  i s  nul led  per  u n i t  o f  t i m e .  Thus, a t  a given t i m e ,  
t h e  h o r i z o n t a l  v e l o c i t y  w i l l  be less than  u s u a l ,  which r e s u l t s  i n  less 
than  usua l  requi red  p rope l l an t  (from t h e  curve f i t )  and an increased  
margin. Note t h a t  a cross-range d i s t a n c e  e r r o r  has t h e  same e f f e c t  as 
a low t h r u s t i n g  engine - it a l s o  causes  a l a t e  t h r o t t l e  down. 

The percent e r r o r  i n  t h e  braking phase d i s p l a y  ( f u e l  and o x i d i z e r  
margin) are shown i n  f i g u r e  3. 
t h e  a c t u a l  margin from t h e  p red ic t ed  margin, mu l t ip ly ing  by 100 percent  
and d iv id ing  by t h e  a c t u a l  margin. 
a c t u a l  margin.)  Cases 8 and 10 (low t h r u s t  engines)  e x h i b i t  nega t ive  
percent  e r r o r s  because t h e  t ime ra te  of decrease  i n  h o r i z o n t a l  v e l o c i t y  
i s  less than  nominal, thereby  r e q u i r i n g ,  for a given t ime ,  more p r o p e l l a n t  

Percent  error i s  computed by s u b t r a c t i n g  

(See t a b l e  I1 f o r  va lues  of t h e  

c 

r' 
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and r e s u l t i n g  i n  l ess  margin than what w i l l  a c t u a l l y  be t h e  case .  
Case 9 on t h e  o the r  hand represents  a h igh  t h r u s t  engine.  I n  t h i s  
s imula t ion ,  h o r i z o n t a l  v e l o c i t y  i s  nu l l ed  fas ter  than  usua l  f o r  a given 
t ime.  Since t h e  remaining propel lan t  quan t i ty  i s  not much d i f f e r e n t  
t han  t h e  nominal f o r  any given t i m e ,  t h e  p red ic t ed  r equ i r ed  p rope l l an t  
w i l l  be  lower due t o  a lower ho r i zon ta l  v e l o c i t y .  This  l e a d s  t o  t h e  
conclusion t h a t  t h e  margin w i l l  be g r e a t e r  t han  usua l  and r e s u l t s  i n  a 
p o s i t i v e  percent  e r r o r .  

F igure  4 p re sen t s  t h e  guaranteed hover t ime i n  seconds based on 
f u e l  and ox id ize r  margin as a funct ion of t ime from DPS i g n i t i o n .  
hover t i m e  a c t u a l l y  appears as a number, o r  d i g i t a l ,  on t h e  LM DES 
d i s p l a y s  but  i s  p l o t t e d  i n  f igu re  4 f o r  i l l u s t r a t i v e  purposes o n l y . )  
Hover t i m e  i s  computed as a s c a l a r  m u l t i p l i e r  of margin wi th  t h e  
assumption t h a t  1 percent  of margin i s  equiva len t  t o  18.74 seconds of 
hover t i m e .  Reference 2 assumes t h a t  i n  order  t o  hover ,  t h e  LM must 
have a t h r u s t  s e t t i n g  of 24 percent  (of  10 500 l b )  and, t h u s ,  w i l l  con- 
sume 1 percent  of p rope l l an t  i n  18.74 seconds. Since t h e  hover t i m e  i s  

i d e n t i c a l  t o  those  of f i g u r e  3. 

(The 

cfily a ~c2l . r  m y j l t j n l i e r  sf’ yLiyg:in, t h e  ase=c-zted eyyeys ::eulfi b e  r- L - A  

APPROACH PHASE DISPLAY 

The approach phase,  or 200-second, d i s p l a y  has  an o r d i n a t e  of 
p red ic t ed  p rope l l an t  margin i n  percent of usable  p rope l l an t  (from 
+7 percent  t o  -4 p e r c e n t ) .  The abc i s sa  i s  t i m e  from 0 t o  200 seconds,  
which should correspond t o  t h e  i n t e r v a l  480 t o  680 seconds from DPS 
i g n i t i o n .  
A-3 ,  A-4,  and A-5 of t h e  appendix. 

The p rope l l an t  margin i s  c a l c u l a t e d  according t o  equat ions  

Reference 2 implies  t h a t  the equat ion f o r  AV t h e  es t imated  R’ 
r equ i r ed  AV from present  pos i t i on  t o  touchdown, included only t h e  low 
g a t e  t a r g e t  a c c e l e r a t i o n  vec to r ,  excluding t h e  luna r  g r a v i t y  vec to r .  
The percent  e r r o r  r e s u l t i n g  from t h i s  omission w a s  q u i t e  s i g n i f i c a n t  
and i s  shown i n  f i g u r e  5 f o r  case 1. Discussions with F l i g h t  Control  
Div is ion  personnel  r e s u l t e d  i n  the  present  form of t h e  equat ion ,  which 
inc ludes  t h e  l u n a r  g r a v i t y  vec tor .  Reference 2 a l s o  had a negat ive  
s i g n  preceding t h e  j e r k  term with t h e  assumption t h a t  t h e  j e r k  t e r m  w a s  
nega t ive .  The negat ive a lgebra ic  s i g n  i s  i n c o n s i s t e n t  wi th  t h e  d e r i -  
v a t i v e  of AV and should be changed f o r  t h e  real- t ime computations.  

The t ime h i s t o r y  of t h e  approach phase d i s p l a y  ( p r e d i c t e d  pro- 

R 

p e l l a n t  margin i n  percent  of usable p r o p e l l a n t ) ,  or 200-second p l o t ,  
i s  presented  i n  f i g u r e  6 .  Cases 8 and 10 r ep resen t  low t h r u s t  engines 
and provide more p rope l l an t  margin. Since t h e  t r a j e c t o r y  w a s  t a r g e t e d  
us ing  a low t h r u s t  engine model, cases  8 and 10 demonstrate more e f f i c i e n t  



4 

use  of propel lan t  i n  s a t i s f y i n g  t h e  guidance t a r g e t s .  F igure  7 
presen t s  t h e  percent  e r r o r  i n  t h e  approach phase p l o t .  The e r r o r s  are 
r e l a t i v e l y  small and approach zero  except f o r  cases  9 and 10 .  The 

1( s i g n i f i c a n t  f e a t u r e  of t h e s e  cases  i s  t h a t  each conta in  IMU e r r o r s  and 
do not  a c t u a l l y  s a t i s f y  t h e  low g a t e  t a r g e t s .  Case 9 was lower i n  
a l t i t u d e  than  t h e  nominal and used l e s s  AV t han  expected f o r  t h e  v e r t i -  
c a l  descent  phase, which r e s u l t e d  i n  a p o s i t i v e  e r r o r  i n  t h e  margin 
p red ic t ion .  Case 1 0 ,  on t h e  o the r  hand, w a s  h igher  t han  nominal and 
r e s u l t e d  i n  a nega t ive  e r r o r .  

Figure 8 p re sen t s  t h e  guaranteed hover t i m e ,  i n  seconds,  based on 
p rope l l an t  margin. Since t h i s  curve i s  ac t .ua l ly  a s c a l a r  m u l t i p l i e r  
of t h e  propel lan t  margin p l o t  ( f i g .  6 ) ,  t h e  inaccurac ies  a s soc ia t ed  
wi th  it are i d e n t i c a l  t o  those  of f i g u r e  6 .  

CONCLUSIONS 

The study has  shown t h a t  t h e  f u e l ,  o x i d i z e r ,  and p rope l l an t  m a r -  
g ins  pred ic ted  by t h e  l o g i c  presented  i n  r e fe rence  2 are r e l a t i v e l y  
accu ra t e  except f o r  a f e w  i s o l a t e d  t h r u s t  dev ia t ion  cases .  

The log ic  f o r  computing t h e  ten-minute,  or f u e l  o r  o x i d i z e r ,  m a r -  
g i n  curve i s  i n s e n s i t i v e  t o  t h r u s t  d e v i a t i o n s ,  p a r t i c u l a r l y  nega t ive  
or low-thrust  s i t u a t i o n s .  This  i s  because t h e  p red ic t ed  r equ i r ed  
f u e l  or ox id ize r  i s  computed as func t ions  of navigated h o r i z o n t a l  velo- 
c i t y ,  which is  a l s o  i n s e n s i t i v e  t o  t h r u s t  dev ia t ions .  

The 200-second d i s p l a y  has smal le r  e r r o r s  than  t h e  ten-minute 
d i sp l ay .  I n  t h i s  case  t h e  a n a l y t i c  l o g i c  i s  percept ive  t o  t h r u s t  
d e v i a t i o n s ,  but not t o  navigated e r r o r s .  Navigated e r r o r s  cause prob- 
l e m s  i n  t h a t  t h e  low ga te  t a r g e t s  cannot be  m e t ,  causing an unknown 
e r r o r  i n  t h e  margin c a l c u l a t i o n .  Thus t h e  assumption of r e q u i r i n g  120fps  
t o  go from l o w  g a t e  t o  t h e  lunar  sur face  i s  not  always v a l i d .  
t h e r e  seems no way of p r e d i c t i n g  a more r e a l i s t i c  number i n  r ea l  t i m e .  

However, 

Because cases  9 and 10  are considered t o  be worst t y p e  combinations 
of e r r o r s  , t he  inaccurac ies  of f i g u r e  6 would r a r e l y  be g r e a t e r  t h a n  
t h o s e  a s s o c i a t e d w i t h  cases  9 and 1 0 .  It should be noted,  as poin ted  
out  i n  t h e  d iscuss ion ,  t h a t  equat ion A-3 of t h e  appendix must inc lude  
t h e  luna r  g rav i ty  e f f e c t  and have a p o s i t i v e  s ign  a s soc ia t ed  wi th  a 
p o s i t i v e  value of j e r k .  

For real-time u t i l i z a t i o n  of t h e s e  p l o t s ,  emphasis must be  p laced  
upon having e x p l i c i t  knowledge of engine performance and eva lua t ing  t h e  
p red ic t ed  f u e l  and ox id ize r  margins accord ingly .  
of t h e  propel lan t  margin, t h e  co r rec tness  of  t h e  nav iga t ion  s t a t e  must 

For a v a l i d  eva lua t ion  

J 
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TABLE I.- LANDING SIMULATION TEST R U N S ~  

* 

, 
0 

Purpose 

Nominal 

I n i t i a l  condi t ion  
e r r o r s  a lone 

Te r ra in  v a r i a t i o n s  
a lone  

Thrust  acce le ra-  
t i o n s  a lone  

Worst-case runs 

- 
Run 
no. 
- 

1 

2 
3 

4 
5 
6 

7 
8 

9 
10 

I n i t i a l  
e r r o r s  

No 

+3a 
-30 

No 
No 
No 

No 
No 

-3a 
+3a 

IMU 
e r r o r s  

No 

No 
No 

No 
No 
No 

No 
No 

-30 
+3a 

Ter ra in  
p r o f i l e  

Smooth 

Smooth 
Smooth 

III-P-11A 
III-P-11A 
III-P-11A 

Smooth 
Smooth 

III-P-1lA 
III-P-11A 

Ter ra in  
s lope ,  

deg 

0 

0 
0 

0 
+1 
-1 

0 
0 

-1 
+1 

Thrust  
dev ia t ions  

0 

0 
0 

0 
0 
0 

+3a 
-3a 

+3a 
-3a 

a These t e s t  runs  were se l ec t ed  a t  MSC t o  check out  t h e  landing- 
maneuver s imula t ions .  The i n i t i a l  e r r o r s  were determined as t h e  worst- 
ca se  e r r o r s .  
accelerometer  b i a s ,  and 450 p.p.m. accelerometer  s c a l e  f a c t o r  a long 
each a x i s .  No LR random or b i a s  e r r o r s  a r e  included.  The e f f e c t s  of 
l u n a r  t e r r a i n  a l t i t u d e  v a r i a t i o n s  on t h e  landing t r a j e c t o r y  were i n v e s t i -  
ga t ed  wi th  t e r r a i n  p r o f i l e  A f o r  s i t e  111-2-11 as being t h e  most d i f f i -  
c u l t  t o  l and  at  of t hose  c u r r e n t l y  under cons idera t ion .  
i s  a t e r r a i n  h igh  and t h e  -1' slope i s  a t e r r a i n  low. The 30 t h r u s t -  
a c c e l e r a t i o n  dev ia t ions  are +.9 percent and -2.5 percent  of 10 500 l b  
a t  t h e  start of t h e  DPS burn. Further  information may be found i n  
r e fe rences  3 and 4 .  

The 30 IMU e r r o r s  a re  t aken  as 3mr alignment,  0.02 f t / s e c 2  

The +lo s lope  



:ase no. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10  

6 

TABLE 11.- ACTUAL MARGINS 

[Used t o  c a l c u l a t e  percent  e r r o r ]  

Actual  p r  ope11 an t  
margin, percent  

7.62 

7.53 

7.78 

7.62 

7.91 

7.26 

9.29 

7.62 

6.78 

10.91 

Actual ox id i ze r  
margin, percent  

7.68 

7.58 

7.84 

7.67 

7.96 

7.32 

9.33 

7.68 

6.83 

10.96 

Actual  f u e l  
margin, percent  

7.43 

7.42 

7.70 

7.53 

7.82 

7.17 

9.22 

7.54 

6.68 

10.84 

I 
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APPENDIX 

LOGIC FOR COMPUTING MARGINS 

Braking Phase Display 

FU MAR = FU QTY - REQ PROP 

OX MAR = OX QTY - REQ PROP 

where 

FU MAR = ins tan taneous  predic ted  f u e l  margin i n  percent  of U s a b l e  
f u e l  

FU QTY = ins tan taneous  a c t u a l  usable  f u e l  remaining i n  percent  of 
t o t a l  usable  f u e l  (ob ta ined  from t e l eme t ry  information)  

OX MAR = ins tan taneous  predic ted  ox id ize r  margin i n  percent  of 
usable  ox id i ze r  

OX QTY = ins tan taneous  a c t u a l  usable  ox id i ze r  remaining i n  percent  
of t o t a l  usable  ox id i ze r  (obta ined  from t e l eme t ry  in-  
format i o n )  

RE& PROP = ins tan taneous  propel lan t  r equ i r ed  i n  percent  of t o t a l  
usable  propel lan t  nominally requi red  for l u n a r  landing 
(obtained from a curve f i t  which i s  a func t ion  of t h e  
navigated ho r i zon ta l  v e l o c i t y )  

Approach Phase Display 

+ 1/6 JD * TGO2 + AVvD 
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where 

AVR = est imated r equ i r ed  AV from present  p o s i t i o n  t o  luna r  
touchdown 

A = present  LM a c c e l e r a t i o n  P 
a AD= des i red  a c c e l e r a t i o n  a t  phase terminus ( l o w  g a t e )  

GM = acce le ra t ion  vec tor  due t o  luna r  .g rav i ty  a 

J = des i red  va lue  of j e r k  (f irst  t ime d e r i v a t i v e  of  a c c e l e r a t i o n )  
a t  phase terminus ( l o w  ga t e ) "  

= est imated time-to-go u n t i l  phase terminus TGO 

AVvD = nominal va lue  of AV consumed during t h e  v e r t i c a l  descent  
phasea 

The va lue  of AV i s  then  u t i l i z e d  t o  provide: R 

where 

P = est imated r equ i r ed  percent  of usable  p rope l l an t  from present  
pos i t i on  t o  luna r  touchdown R 

= present  es t imated LM mass 

a K = t o t a l  usable  p rope l l an t  

K2 = known e r r o r  i n  e s t ima t ion  of LM mass 

1 
a 

AVR = est imated requi red  AV from present  p o s i t i o n  t o  luna r  touchdown. 

V = average exhaust v e l o c i t y  of DPS engine a e 

~ 

a See t a b l e  A - I  f o r  a c t u a l  values  used i n  s imula t ions .  
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Propel lan t  margin i s  then ca l cu la t ed  as 

PM = PCTQTY - PR (A-5) 

where 

PM = prope l l an t  margin 

PCTQTY = l e s s e r  of percent  usable  f u e l  o r  ox id izer  from t e l eme t ry  
information 

PR = est imated requi red  percent  of usable  propel lan t  from present  
p o s i t i o n  t o  lunar  touchdowh 
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TABLE A-I.- PARAMETER VALUES USED I N  A N A L Y T I C  

PROPELLANT MARGIN P R E D I C T I O N  

Parameter 

x . . . . . . . . . . . . . . .  
Y . .  . . . . . . . . . . . . .  
z . . . . .  . . . . . . . . . .  

x . . . . . . . . . . . . . . .  
Y .  . . . . . . . . . . . . . .  
z . . .  . . . . . . . . . . . .  

JD, f t / sec3  . . . . . . . . , . . 
AVvD, fps  . . . . . . . . . . . . 
K1, lb . . . . . . . . . . . . . 
K2 . . . . . . . . . . . . . . .  
ve, fps  . . . . . . . . . . . . . 

Value 

0.05 
0 

-0.65 

-5 -3245 
0 
0 

0.045636 

120 

17 510 

0 

9 490 

' c  

2 



REFERENCES 

1. MPSO: Action Documentation G/CSM-107/LM-6-147. August 27, 1968. 

2. Acting Chief, Flight Control Division: Study to Determine Accuracy 
of LM DES Plots and Hover Time Prediction Calculations. MSC memo- 
randum to John P. Mayer. 

3. Kriegsman, B. A.: Notes from Powered Descent Technical Interchange 
Meeting at MSC on April 10, 1968. MIT/IL memorandum, April 22, 
1968. 

4. Kriegsman, B. A.; and Gustafson, D. E.: Simulation of Powered 

MIT/IL 
Landing Maneuver with Current Trajectory - Targeting Parameters, 
DPS Model, Terrain Model, and LR Dropout Boundaries. 
memorandum no. 20, June 14, 1968. 

U 


